We report simultaneous dissolution of agarose (AG) and chitosan (CH) in varying proportions in an ionic liquid (IL), 1-butyl-3-methylimidazolium chloride [C 4 mim] [Cl]. Composite materials were constructed from AG-CH-IL solutions using the antisolvent methanol, and IL was recovered from the solutions. Composite materials could be uniformly decorated with silver oxide (Ag 2 O) nanoparticles (Ag NPs) to form nanocomposites in a single step by in situ synthesis of Ag NPs in AG-CH-IL sols, wherein the biopolymer moiety acted as both reducing and stabilizing agent. Cooling of Ag NPs-AG-CH-IL sols to room temperature resulted in high conductivity and high mechanical strength nanocomposite ionogels. The structure, stability and physiochemical properties of composite materials and nanocomposites were characterized by several analytical techniques, such as Fourier transform infrared (FTIR), CD spectroscopy, differential scanning colorimetric (DSC), thermogravimetric analysis (TGA), gel permeation chromatography (GPC), and scanning electron micrography (SEM). The result shows that composite materials have good thermal and conformational stability, compatibility and strong hydrogen bonding interactions between AG-CH complexes. Decoration of Ag NPs in composites and ionogels was confirmed by UV-Vis spectroscopy, SEM, TEM, EDAX and XRD. The mechanical and conducting properties of composite ionogels have been characterized by rheology and current-voltage measurements. Since Ag NPs show good antimicrobial activity, Ag NPs -AG-CH composite materials have the potential to be used in biotechnology and biomedical applications whereas nanocomposite ionogels will be suitable as precursors for applications such as quasi-solid dye sensitized solar cells, actuators, sensors or electrochromic displays.
Introduction
Agarose (AG) and chitosan (CH) are renewable and biocompatible biopolymers. AG is an algal polysaccharide, comprising alternating D-galactose and 3,6-anhydro-L-galactose repeating units. With its excellent ability to form thermo-reversible gels in hot water, AG finds numerous applications, which include food industry, pharmaceutical formulations, electrophoresis, tissue engineering or as a matrix for soft-matter organic devices. 1, 2 On the other hand, CH is a linearly linked polysaccharide derived from natural biopolymer chitin, and composed of randomly distributed (1-4)-linked D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit). Because of its biodegradable, biocompatible, non-toxic, antimicrobial and metal-binding properties, CH has been widely studied in chemical, biochemical and biomedical fields, and is extensively used in pharmaceutical and biomedical fields for controlled release of drugs, wound management, space filling implants, etc. [3] [4] [5] Since CH is a good interacting polymer having amine groups, it can combine or interact with an AG hydroxyl group to form an AG-CH complex, forming environmentally safe composite materials with combined advantages suitable for different applications. [6] [7] [8] However, the preparation of composites of these biopolymers in water or common organic solvents under mild conditions is not an easy process due to the presence of many hydroxyl groups, intra-and intermolecular hydrogen bonding and molecular close chain packing which creates difficulties in their effective solubilization. Besides solubility limitations, there are several other problems, such as solvent handling, volatility, generation of poisonous gases or waste and solvent recovery generally encountered while processing the biopolymers in common organic solvents. Therefore, considering the green chemistry concern, sustainability and eco-efficiency, it is imperative to use greener and high solvating ability solvents for developing novel and efficient processes of composite formation. Ionic liquids (ILs) (salts with melting points <100°C 9 ) normally comprise large asymmetric organic cations and inorganic or organic anions of varying sizes, and due to their unique accessible physicochemical properties, ILs are fast replacing non-volatile hazardous conventional organic solvents in different chemical and biochemical processes. [9] [10] [11] [12] [13] [14] Because of the high solvating ability for biomaterials, ILs have been extensively explored for the deconstruction of biomass, particularly lignocellulosic and cellulosic materials. [15] [16] [17] [18] [19] [20] [21] ILs as cellulose dissolving solvents have been critically reviewed in Tom Welton's research group very recently. 22 Apart from cellulosic materials, the dissolution/regeneration of chitin/CH or AG has also been carried out in ILs, and useful materials have been prepared from these polysaccharides [23] [24] [25] [26] [27] [28] [29] [30] [31] (Note: there are many other biomaterials which have been treated with ILs but not referred to here as the present study intends to focus on AG and CH). In view of the ease of their processing in ILs, the preparation of advanced functional biopolymer composites of chitin/CH with cellulose, carbon nanotubes, or silk for different applications, such as biodegradable biosorbents, films, membranes, fibers, actuators, and composite hydrogels for cell adhesion and growth has been reported using IL technology. [32] [33] [34] [35] [36] In contrast, the composites of AG in ILs have been rarely studied, 37 and no reports are available on the preparation of composites of AG with CH using ILs, which can have several advantages over the conventional processes. Besides composite preparation, it is also possible to confine ILs as gel matrices by cooling biopolymer-IL solutions at ambient temperatures to form "ionogels" which are shown to be smart polymeric conducting materials that combine the chemical versatility of an ionic liquid with the morphological versatility of a biopolymer. 30, 31, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] Such ionogels have been found to be suitable for an array of electrochemical applications. 38, 46 Therefore, in addition to the preparation of AG-CH composites, we have attempted to prepare AG-CH-IL composite ionogels using a high solvating ability IL, 3 ) with a purity of 98% mass fraction was purchased from SD FINE CHEM, Mumbai. The molecular structure of IL and repeating units of agarose and chitosan is shown in Fig. 1 . [Cl] at 100 ± 1°C. For example, for the preparation of AG-CH (50 : 50) composite, 5 g IL was preheated at 100 ± 1°C and then 0.125 g of powdered AG was added with continuous stirring until dissolution. After the AG was completely dissolved, we added 0.125 g of powdered CH to the resulting AG-IL solution and carried out the dissolution process till a Fig. 1 Repeating structure of (left) agarose, (middle) chitosan, and (right) molecular structure of the IL, 1-butyl-3-methylimidazolium chloride.
homogeneous solution was obtained. To check the repeatability of the dissolution process, experiments were carried out at least three times. The dissolution process was monitored visually. AG-CH composite materials were either regenerated from the AG-CH-IL solutions by adding anti-solvent methanol or composite ionogels were obtained by cooling AG-CH-IL solutions at room temperature. Complete regeneration was ensured by the addition of an excess amount of methanol to the solutions remaining after regeneration. No further precipitation indicated complete regeneration. Regenerated composite material was dried in an oven at 70°C and used for the physicochemical characterization. A total amount of 0.238 g of dried composite material was obtained and the yield was determined by taking the ratio of regenerated and original materials. The yield of the regenerated material was always >95 wt%. After regeneration of composite materials, IL was recovered from the methanolic solutions using a rotary evaporator and reused for further experimentation.
Ag NPs-AG-CH nanocomposite and nanocomposite ionogels. For the preparation of nanocomposites, 100 mM silver nitrate was added into an AG-CH (50 : 50)-IL solution. The mixture was heated at 100°C under continuous stirring for 6 h. The appearance of colour changes from slight yellow to dark yellow to light brownish confirmed the formation of silver oxide nanoparticles in situ. Addition of methanol to the resulting solution enabled precipitation of nanocomposite materials, whereas cooling the resulting solutions produced nanocomposite ionogels.
Characterization
The molecular weights of native or regenerated AG, CH, and their composites were determined by high temperature gel permeation chromatography (HT-GPC) using a Waters 2695 Separation Module equipped with a 2414 RI detector and having Ultrahydrajel 500 and 120 columns in series. Columns were eluted with 0.1 M aqueous NaNO 3 at a flow rate of 0.5 ml min −1 . Calibration was performed using a dextran standard ranging from 401 000 to 4400 peak molecular weight. The concentration of AG and CH/AG-CH composite solutions was 0.02 wt% in water and 1% acetic acid solution respectively. FT-IR spectra of the native and regenerated biopolymers and composite materials were recorded at room temperature using a NICOLET 6700 FT-IR spectrometer. Conformational analysis was performed by recording circular dichroism (CD) spectra of AG and CH/AG-CH composite solutions (0.05 wt%) in water and 1% acetic acid respectively in the wavelength range of 180 to 240 nm using a Jasco J-815 CD spectrometer. Experiments were carried out in a 1 cm path length cuvette at 25°C, and were expressed as the average of five scans. The response time and the bandwidth were 2 s and 0.2 nm respectively. Samples for recording the spectra were taken in a quartz cuvette which was immediately sealed after sampling to avoid evaporation. The desired temperature was achieved with an in-built peltier device. The melting or denature temperature (T D ) and decomposition temperature (T dec ) for native, regenerated and composite materials were determined by differential scanning calorimetric (DSC) measurements using a Mettler Toledo DSC822 thermal analyzer. Measurements were performed between 30 and 450°C at a heating rate of 5°C min −1 . Thermogravimetric analyses (TGA) were performed using a TGA/SDTA851 Mettler Toledo under a nitrogen atmosphere from 30 to 450°C with a heating rate of 10°C min −1 . The surface morphology of composites was examined by scanning electron microscopy (SEM) using a LEO 1430 VP Carl Zeiss scanning electron microscope. For recording the micrograph, samples of equal thickness were gold-coated. The melting and gelling temperatures of ionogels were determined following the method described by Craigie & Leigh. 61 The gel strength (g cm −2 ) was measured using a Nikkansui type gel tester (Kiya Seisakusho Ltd, Tokyo, Japan). Measurements were performed on 3 wt% AG, CH, AG-CH and Ag NPs -AG-CH ionogels using a solid cylindrical plunger 1.127 cm in diameter. Viscoelastic measurements of various ionogels and nanocomposite ionogels were carried out on a rheometer (RS1, HAAKE Instruments, Karlsruhe, Germany). The cone/plate (60 mm diameter, 1°rad angle) geometry was selected for dynamic viscoelastic measurements. The frequency dependences of dynamic storage (G′) and loss (G′′) moduli were examined in the linear viscoelastic regime ( predetermined at each temperature). The oscillation measurements (temperature dependence) of G′ and G′′ of ionogels were carried out in the controlled deformation mode with a strain value of 1% and a frequency of 1 rad s −1 , the temperature of the gel being maintained at 25°C using a DC 50 water circulator. The steady-state current-voltage curve of the ionogel electrolyte was determined in the voltage range between −5 V and 5 V at a scan rate of 0.5 mV s −1 using a source meter unit, KETHLEY model 2635A. The formation of silver oxide nanoparticles (Ag NPs) was monitored by UV-Vis spectroscopic measurements using a spectrophotometer (Cary 500, Varian). Ag NPs in nanocomposites were visualized by SEM and transmission electron microscopy (TEM). For TEM, the samples were prepared by putting a drop of dispersed nanocomposite solution on the carbon-coated copper grid (300 mesh). The residual liquid was blotted immediately. Samples were imaged under a JEOL JEM-2100 electron microscope at a working voltage of 80 kV. The XRD measurements were performed using a Philips X'pert MPD system with CuKα radiation (λ = 1.54056 Å) at a scan rate of 2°min −1 with a step size of 0.03.
Results and discussion

AG-CH composites
Composites of varying AG-CH ratios were constructed from their homogeneous solutions prepared in [C 4 mim][Cl] by adding the antisolvent methanol. The molecular weight and polydispersity index of the regenerated individual polymers and composite materials are listed in Table 1 . Results show that with an increase of the CH proportion in the composite, the average molecular weight and PDI increased proportionally indicating no degradation of either the individual polymers or composites while being regenerated from the IL solution. The possible composite or complex formation in the material was examined from the FTIR spectra of various samples (Fig. 2 63, 64 As can be seen in Fig. 2a , the spectra of composites show a combination of functional groups originating from both CH and AG. An increase in the AG content in the composite decreases the intensity of the band arising from the NH bending (amide II) at 1560 cm
and increases the band absorbance at 1380 cm −1 . The peak at 1647 cm −1 , attributed to the CvO stretching (amide I)
OvC-NHR of CH, is shifted towards lower frequency as the concentration of AG in the composite is increased. A gradual shift of the characteristic absorption bands of CH and AG indicates AG-CH complex formation either by the formation of hydrogen bonds between the -OH/-NH 2 groups in CH molecules and the -OH groups in AG or by the reciprocal entanglement between the macromolecular chains. 65 The expected conformational changes while processing the biopolymers in IL were examined by comparing the circular dichroism (CD) spectra of native AG, CH, or regenerated AG, CH and AG-CH composite materials at different proportions. In the case of AG, a characteristic CD spectrum with a positive band centered at ∼190 nm is observed, whereas in CH a negative band centered at around ∼210 nm is observed. 30, 66 Analysis of the CD spectra in Fig. 2 (right) reveals that AG and CH regenerated from IL solutions largely maintain their native confirmation, whereas in AG-CH composites, the spectra are red shifted with a decrease in intensity from positive to negative, i.e. towards the native CH with an increase in the CH amount in the composite indicating the disruption of the ordered structure of AG due to complexation/intermolecular interactions. CD spectra of AG-CH (50 : 50) gave equal intensity in positive and negative bands showing a homogeneous blending of the biopolymers in IL. Thermal properties of composites were determined by DSC and TGA measurements. DSC thermograms of both native and AG-CH composite materials exhibited a broad endothermic peak at 85 to 110°C (Fig. 3) . Similar endothermic peaks are reported for AG-CH composites in the literature. 8 These peaks correspond to the dehydration temperature (T D ) of the polymers and indicate the strength of water-polymer interaction. 24, 67 The variation in the position and peak area for various composites suggests the physical and molecular changes due to the interactions between AG and CH. Sharp exothermic peaks around 270 to 305°C show the decomposition temperature (T dec ) of native and composite materials (Fig. S1 †) . Exothermic peaks are shifted towards higher values (red shift) when the CH content is increased in the composite indicating enhanced thermal stability of AG-CH as compared to native AG, and confirm that the interaction between the hydroxyl groups of agarose and the amino groups of CH established in the IL solution remained in the regenerated material. T D and T dec temperatures are recorded in Table 1 . TGA profiles (Fig. 3, right) show that the decomposition of native and AG-CH composite materials took place in two stages in which the first transition occurred below 100°C due to weight loss of samples by moisture vaporization and the second transition in a narrow temperature range from 265 to 310°C (Table 1) which closely matches the DSC profiles for water evaporation and thermal degradation temperature of native and composite materials. The morphology of regenerated and composite materials examined by SEM micrographs (Fig. 4) shows that the surface of regenerated individual polymers resembles native polymers and the composites show features of both AG and CH showing a homogeneous blending. CH shows a smooth and homogeneous surface with some straps while the AG surface shows roughness. The surface roughness of composites decreases when the CH content increases in the composite and becomes very smooth at high CH concentrations.
AG-CH composite ionogels
Upon cooling, the AG, CH or AG-CH (50 : 50) dissolved viscous solutions of IL resulted in the formation of thermoreversible conducting ionogels (Fig. 5) . For a reasonable comparison we prepared 3 wt% ionogels. Dried and powdered AG, CH or AG + CH was dissolved in preheated [C 4 mim][Cl] and allowed to cool till gelled. Gelling and melting temperatures of various ionogels were monitored through visual inspection of gel and liquid state and are noted in Table 2 . Rheological measurements (discussed later) also provided melting temperatures which were very close to that observed by visual inspection. The gel strength measured using a Nikkansui type gel tester at 30°C is also given in Table 2 . Like AG hydrogels, all the ionogels except that of pure AG-[C 4 mim][Cl] showed thermal hysteresis. The formation of ionogels is expected to occur in a slightly different fashion from the formation of water based gels. In the case of hydrogels the AG gelation in water is promoted by coordinated molecular conformational changes at low temperatures; however, as indicated by the very small hysteresis, this mechanism is not followed in [C 4 mim][Cl]. In the case of AG, which is essentially a neutral biopolymer, hydrogen bonding between IL ions and hydroxyl groups of AG molecules must be playing an important role in gelling. The presence of a large organic cation will interact with AG strands and prevent the formation of double helical structures, and finally lead to a comparatively weaker gel. On the other hand, CH does not produce temperature induced hydrogels, because of the relatively rigid molecular conformation given by the beta glycosidic links of chitosan which are further stabilized by hydrogen bonds among consecutive units. However, once dissolved in ILs, the CH, being a charged polymer and having an ionic character, interacts with IL ions both electrostatically and through hydrogen bond formation. Such interactions can be envisaged from comparing the FTIR spectra of composites (Fig. 2, left) and composite ionogels (AG-CH; 50 : 50) (Fig. S2 †) wherein a shifting of major peaks of the biopolymer is observed upon ionogel formation. The strength of composite ionogels (AG-CH; 50 : 50) was found to be even higher than the pure CH ionogel indicating the comparatively higher involvement of AG in the gelation process. The IL is immobilized in the gel matrix through strong hydrogen bonding between protons of imidazolium and oxygens of AG/CH as well as due to the hydrogen bonding between -OH/-NH 2 protons of AG/CH and Cl ions. Dynamic shear measurements were performed on various ionogels at 25°C. The results of frequency dependences of dynamic storage (G′) and loss moduli (G″) are demonstrated in Fig. 6 . In all the cases G′ is larger than G″, and is nearly frequency independent showing a solid-like behavior of the ionogels. Thermo-responsive sol-gel transition was observed from the temperature dependences of G′ and G″ measured at a frequency of 1 s −1 (Fig. 7) . A transition for both G′ and G″ as a function of temperature is indicative of melting temperature (T m ). Before the crossover of G′ and G″ IL-biopolymer solutions are optically transparent ionogels. T m obtained from temperature dependent rheology measurements are close to that observed by visual inspection reported in Table 2 . We also conducted the dynamic strain sweep experiments on various ionogels over a wide range of strains (0.1 to 10%) at a frequency of 100 rad s −1 . The observed G′ and G″ trends of various ionogels under large strains are shown in Fig. 8 . For most of the ionogels a linear viscoelastic regime is maintained indicating no deformation of the gel microstructure even at 10% strain at a frequency of 100 rad s −1 . In the case AG ionogels the G′ and G″ gap slightly decreases with the increase in strain showing a decrease in solid-like behaviour with a continuous change in gel microstructure wherein the molecular connections in the gel network are disrupted under the large strains, while in CH and AG-CH composite ionogels, G′ remains quite higher than G″ within the region of linear viscoelasticity indicating the persistence of solid-like behavior.
Other rheological properties of ionogels (tan δ and η* vs. temperature or frequency) are provided in ESI (Fig. S3 †) . Since a low matrix of biopolymers (AG or CH) is enough to prepare ionogels of sufficiently good gel strength, such ionogels will have advantages in terms of retaining the conducting properties of native IL. Therefore, the conducting nature of ionogels was tested by current-voltage measurements. The steady state current-voltage profiles (Fig. 9) indicated that ionogels retained sufficiently good conducting properties, CH-ionogels (0.099 mS cm at 418 nm in UV-Vis spectra ( Fig. 10 ) also confirmed the synthesis of Ag NPs. SEM images (Fig. 11a,b ) of the nanocomposite show that Ag NPs are nearly spherical and uniformly decorated on the AG-CH surface. A TEM image of the nanocomposite (Fig. 11c) showed 10-20 nm size Ag NPs; the lattice fringes in high resolution and electron diffraction pattern (SAED) indicated their crystalline and polycrystalline nature. The crystalline nature of the nanocomposite is also confirmed by the comparison of XRD patterns of regenerated AG-CH and Ag NPs-AG-CH composites (Fig. 11d) Table 2) . The high gel strength of nanocomposite ionogels is possibly due to the bridging role of Ag NPs between polymer chains and forming a network structure along with the usual electrostatic and hydrogen bond interactions between polymer groups and IL ions similar to that observed by Shen et al. 69 for sodium carboxymethylcellulose (NaCMC) hydrogels where Ag(I) served as a bridging agent. The FTIR studies also indicated the interaction between composite and silver oxide nanoparticles in the ionogels (Fig. S2 †) These FTIR peaks of AG-CH ionogels are further red shifted in the case of Ag NPs-AG-CH ionogels (Fig. S2 †) indicating interaction of Ag NPs with the biopolymers. Dynamic shear measurements of nanocomposite ionogels showed a different behavior than that observed for simple ionogels or composite ionogels (Fig. 6) . Unlike other ionogels, in the case of nanocomposite ionogels, G′ increased continuously and G″ increased slightly initially and then became constant with the increase in frequency. At low frequency, G′ > G″, demonstrating a viscous behavior, whereas G″ crosses G′ at ∼5 Hz and becomes much higher than G′ showing characteristics of cross linked gels. Temperature dependences of G′ and G″ measured at a frequency of 1 s −1 (Fig. 7) showed a gel melting temperature (T m ) of ∼83°C which is very close to that observed by visual inspection (Table 2) . G′ and G″ tend to maintain a linear viscoelastic regime under the measured strains of 10% at a frequency of 100 rad s −1 (Fig. 8) indicating no deformation of the gel microstructure. To test the suitability of the nanocomposite as a gel electrolyte, we determined the ionic conductivity from current-voltage measurements. The steady state current-voltage profile of Ag NPs in composite ionogels along with other ionogels is shown in Fig. 9 . The conductivity of Ag NPs-AG-CH composite ionogels (0.675 mS cm −1 ) was found to be an order of magnitude higher than that observed for normal and composite ionogels thus making them an attractive material for electronic devices.
Conclusion
A viable one pot methodology for the preparation of composite/nanocomposite and nanocomposite ionogels of agarose and chitosan via simultaneous dissolution of biopolymers and in situ generation of silver oxide nanoparticles in the IL, [C 4 mim][Cl], is reported. Homogeneous dissolution of biopolymers in the IL produced blends having a great compatibility of agarose and chitosan with strong hydrogen bonding between -OH/-NH 2 groups as was confirmed by FTIR and CD spectroscopy. Physiochemical characterization confirmed that the prepared composite materials have good stability and enhanced material properties compared with individual biopolymers. SEM, TEM, and XRD analyses showed decoration of the composites with 10-20 nm size highly crystalline silver oxide nanoparticles. Silver oxide nanoparticles and chitosan display antimicrobial activity; therefore, the nanocomposite materials produced would also be suitable for applications such as food packaging, wound dressing, drug delivery, etc. On the other hand, uniformly dispersed silver oxide nanoparticles-agarose-chitosan-ionic liquid gels of high mechanical strength and conducting properties were prepared. Such nanocomposite ionogels will be promising materials for quasi-solid dye sensitized solar cells, actuators, sensor based materials or electronic devices.
